ABSTRACT: Protein−protein interactions (PPIs) are at the core of molecular control over cellular function. Multivalency in PPI formation, such as via proteins with multiple binding sites and different valencies, requires fundamental understanding to address correlated challenges in pathologies and drug development. Thermodynamic binding models are needed to provide frameworks for describing multivalent PPIs. We established a model based on ditopic host−guest systems featuring the effective molarity, a hallmark property of multivalency, as a prime parameter governing the intramolecular binding in divalent interactions. By way of illustration, we study the interaction of the bivalent 14-3-3 protein scaffold with both the nonavalent CFTR and the hexavalent LRRK2 proteins, determining the underlying thermodynamics and providing insights into the role of individual sites in the context of the multivalent platform. Fitting of binding data reveals enthalpy−entropy correlation in both systems. Simulations of speciations for the entire phosphorylated protein domains reveal that the CFTR protein preferably binds to 14-3-3 by combinations including the strongest binding site pS768, but that other binding sites take over when this site is eliminated, leading to only a minor decrease in total affinity for 14-3-3. For LRRK2, two binding sites dominate the complex formation with 14-3-3, but the distantly located pS1444 site also plays a role in complex formation. Thermodynamic modeling of these multivalent PPIs allowed analyzing and predicting the effects of individual sites regarding their modulation via, for example, (de)phosphorylation or small-molecule targeting. The results specifically bring forward the potential of PPI stabilization, as an entry for drug discovery for multivalent PPIs.
■ INTRODUCTION
Multivalency involves the combination of several individual bonds or binding events and is a common feature in the regulation of biological systems. 1 By combining several, typically isolated, interaction sites, strong yet reversible binding can be achieved between two partners, even when the individual interactions are relatively weak. 2 Next to this, multivalency can lead to ultrasensitivity in signal regulation, which is important for rapid, nonlinear, and low-noise transitions in biological systems. 3 Multivalency thus provides control over the signal transduction mediated by supramolecular assemblies of proteins. Multivalency in biological systems has been studied in detail for biomolecular systems like carbohydrate−lectin interactions and divalent antibodies. 1, 2 However, the fundamental aspects of multivalency in intracellular regulation mechanisms such as protein−protein interactions (PPIs) have seen much less attention, possibly because of their very diverse nature and lack of easily accessible model systems. PPIs are at the core of molecular control over cellular function 4, 5 and therefore constitute a valid therapeutic entry via either their inhibition or stabilization. 6−8 The focus in PPI modulation has typically been on one-to-one complexes with rather well-defined, monovalent interaction sites. PPI complexes formed via multivalent interaction sites are still very much unchartered space, in part because of the underlying complexity, with resulting challenges such as achieving selectivity, affinity, and functional regulation not being addressed.
Almost all proteins are built up from multiple domains. 9 As a result, multidomain or multisite interactions are prominent features in PPI regulation. 10, 11 Scaffolding is one example of how multiple domains can act in synergy for efficient interplay of protein signaling and ultrasensitivity. 12, 13 Next to that, multidomain interactions are in general a powerful method to control affinity and selectivity in PPIs. 14−21 Intrinsically disordered protein elements, capable of adjusting to different spacings/distances between multiple domains and befitted with a high flexibility, play an important role in enabling these multidomain interactions. 22−27 Multivalent interactions between protein domains beyond the di-and trivalent type can even be responsible for local phase separations in the cellular environment. 28−30 The implications of discontinuous multivalent interactions in PPI regulation (beyond the "hot regions") for drug discovery have not received substantial attention. 6 The discontinuity of the binding sites, either on one or on multiple protein domains (Figure 1 ), is a significant challenge for the development of small molecules targeting this interaction. 31−34 A fundamental, thermodynamic understanding of the resulting character of PPIs with separate multivalent and noncontiguous hot-spot constellations is thus needed.
14-3-3 proteins are a family of seven functionally dimeric scaffold proteins that interact with a plethora of signaling proteins and that are involved in many cellular process and correlated diseases. 35 As a result, 14-3-3 proteins have been studied as PPI-based drug targets. 36 The 14-3-3 adapter proteins themselves are stably folded dimers, but their severalhundred protein partners and interacting elements, which typically bind through short phosphorylated motifs, are frequently disordered. 37 A significant portion of the interaction partners of 14-3-3 proteins contain multiple phosphorylated binding epitopes, thus effectively forming multivalent PPIs. Cystic Fibrosis Transmembrane conductance Regulator (CFTR) 38 and Leucine-Rich Repeat Kinase 2 (LRRK2) 39 are two important and disease-related proteins, of which the activity is regulated via their interaction with 14-3-3 proteins, and they feature multiple (nine and six, respectively) phosphorylated binding sites for the binary 14-3-3 platform.
The binding of such multiphosphorylated proteins to the bivalent 14-3-3 platform is typically heterotopic and occurs via heterogeneous spacings, two features basically not touched upon in current conceptual approaches toward multivalent PPIs.
10,11
Here, we provide detailed fundamental analyses of these two multivalent PPI systems. Different modes of multivalent interaction are analyzed and compared regarding their thermodynamic characteristics. For this, multivalent thermodynamic binding models were devised to provide a general framework for classifying the individual and multivalent interactions and to obtain values for the effective molarity (EM), a property that is the hallmark of multivalency. The thermodynamic model was then used to simulate the binding of full protein constructs to 14-3-3 and to provide insights into the role of individual sites in the context of the multivalent platform as well as resulting effects of their modulation, for example, via (de)phosphorylation or small-molecule stabilization.
■ RESULTS
Mutations in the CFTR protein frequently result in defective intracellular transport and processing, and are critically correlated with the occurrence of cystic fibrosis (CF). 40 The binding of 14-3-3 proteins to the disordered Regulatory Domain (RD) of CFTR enhances trafficking of this chloride channel to the plasma membrane. 41 The RD features nine chemically distinct 14-3-3 binding sites with which it can bind via a number of different binding constellations to the 14-3-3 dimer ( Figure 1A) . 38, 42 These numerous heterogeneous 
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Article multivalent PPI possibilities ( Figure 1C ) make the interaction between CFTR and 14-3-3 highly attractive for fundamental studies of the underlying thermodynamics, especially because individual binding data of individual sites and diverse bivalent combinations can be determined. 38 Similarly, the LRRK2 protein, which can be impaired by a number of mutations relevant for Parkinson's Disease (PD), is known to bind to 14-3-3 via six phosphorylated potential binding sites. 43 Interestingly, the LRRK2 protein has five 14-3-3 binding sites in close proximity, located in a disordered region between the ankyrin (ANK) and leucine-rich repeats (LRR) domains, and an additional site located in the more distant Ras of complex proteins (ROC) domain ( Figure 1B) . Combinations of two phosphorylated LRRK2 sites enhance the binding affinity for 14-3-3 significantly. 39 The combinations of both protein complexes that are ultimately required for optimal biological regulation, the interplay of the different multivalent PPIs possible, and the implications for biomedical intervention remain however unclear.
A Heterodivalent Noncooperative Binding Model. We used a molecular host−guest description to develop a model that describes the interactions of 14-3-3 with phosphorylated peptides. In this model, the 14-3-3 dimer is considered a ditopic host with two identical binding pockets. 44 This host molecule can accommodate either two singly phosphorylated peptides, which can be described as monotopic guest molecules ( Figure S2 ), but also one doubly phosphorylated peptide, which can be described as a ditopic guest molecule and requires to take the concept of multivalency into account ( Figure S3 ). Furthermore, the CFTR and LRRK2 proteins feature different amino acid sequences flanking the phosphoserine epitopes, which makes the system heteroditopic ( Figure  2 ). Figure 2A shows that such a multivalent binding can occur via two pathways: first the binding of one binding site or first the binding of the other, followed by the binding of the remaining binding site. In both cases, the second binding event cannot be compared directly to the intrinsic affinity constant, and the effective molarity term (EM) is needed to describe the overall binding affinity. The EM depends on the length and flexibility of the linker between the two different binding sites, and is closely related to the effective concentration (C eff ): the probability that the two reactive groups find each other in the restricted volume imposed by the molecular connection between the sites. 45 The overall affinity constant (Kov) is thus critically dependent on three parameters: the two affinity constants of the individual motifs and the EM ( Figure 2B ).
Fluorescence polarization (FP) and isothermal titration calorimetry (ITC) experiments were performed to quantitatively analyze the binding between 14-3-3 and singly and doubly phosphorylated CFTR and LRRK2 peptides (see Tables S1 and S2 for the amino acid sequences and Figures S6−S12 for the experimental data). The selection of the isoform 14-3-3β for CFTR and 14-3-3γ for LRRK2 relates to their physiological relevance in cellular systems. 38, 39 FP assays are relatively high throughput and highly sensitive, which allows the use of low concentrations, suited to assess strong interactions. ITC experiments consume relatively high amounts of material and have lower sensitivity, but provide direct access to complexation enthalpies and are therefore able to yield the complete thermodynamic picture, including enthalpic and entropic contributions to the interaction, in a single titration experiment. The acquired data were fitted on the basis of the models given in Figures 2 and S2 , eqs S1−S3, and the corresponding clarification in the Supporting Information. All fits and resulting K d 's and thermodynamic parameters ΔH and −TΔS are displayed and provided in Figures S5−S11 and Tables S3 and S4. A notable observation includes the strong affinities of most of the singly phosphorylated LRRK2 peptides in comparison to the singly phosphorylated CFTR peptides. Consequently, the FP assays typically could not provide the full binding curve for the weaker binding singly phosphorylated CFTR peptides. In case of the doubly phosphorylated peptides, the very high affinities (nM) of some LRRK2 sequences were pushing the detection limits, while the affinities of the doubly phosphorylated CFTR peptides were now reaching physiologically relevant values, easy determinable using both FP and ITC.
Enthalpy−Entropy Correlation and Effective Molarity. The binding enthalpies of the ditopic doubly phosphorylated peptides to 14-3-3 are compared to the binding enthalpies of the singly phosphorylated peptides and their sum (Table 1 ). This comparison is only possible for the LRRK2 peptides as the binding of the singly phosphorylated CFTR peptides was too low to obtain reliable binding enthalpies. For four of the LRRK2 peptides, ITC data of both the doubly and the singly phosphorylated peptides are available. Interestingly, for the values of three of these peptides, the difference between ΔH of the doubly phosphorylated peptide and the sum of the ΔH values of the singly phosphorylated peptides is small (<1 kcal/mol), probably within experimental error, indicating little to no participation of the linker in the binding to 14-3-3. Only for peptide LRRK2_pS910pS935 is the difference in binding enthalpy between the divalent peptide and the sum of the monovalent peptides LRRK2_pS910 and LRRK2_pS935 significantly larger (4.6 kcal/mol) with a more exothermic binding of the divalent peptide. Notably, the independent behavior of the pS910 and pS935 sites in other doubly phosphorylated peptides is confirmed by proper additivity, thus underlining the special nature of the LRRK2_pS910pS935 peptide. Below it will be shown that also the EM of this ditopic peptide is 
Article higher than expected for independent binding and higher than that of the other ditopic peptides, and it will be explained that this behavior is in agreement with the crystal structure, which indicates a strong involvement of the linker for this ditopic peptide only. When assuming that for all other ditopic peptides the role of the linker in the binding is low, the binding enthalpies of a number of singly phosphorylated peptides can be calculated from additivity on the basis of the enthalpy of the doubly phosphorylated peptides with overlapping sequences (in italic in Table 1 ). For the LRRK2 system, this has been done for the pS860 and pS973 sites only, while for the CFTR system all monovalent binding enthalpies given in Table 1 have been calculated in this manner.
The binding enthalpies can be used to calculate the entropy values of binding of these peptides to 14-3-3 using eq S3 and the K d values measured with FP from Tables S3 and S4. Figure  3 shows the correlation between the enthalpy and entropy of the singly phosphorylated (blue •) and doubly phosphorylated peptides (green ■) of both CFTR and LRRK2 binding to the two isoforms 14-3-3β and 14-3-3γ, respectively. Both the singly and the doubly phosphorylated CFTR peptides binding to 14-3-3β visibly reveal a strong, linear correlation between ΔH and TΔS, with a similar slope but different intercepts. Actually, when fitting the data for the singly and doubly phosphorylated CFTR peptides separately, very similar slopes of 1.08 and 1.10, respectively, were obtained (fits not shown). The difference in intercepts between the singly and doubly phosphorylated peptides can be explained on the basis of the equations in Figure 2 (K di = 2K mono,1 K mono,2 EM) and eq S3. When the trend line of the singly phosphorylated peptides is written as eq 1, then the trend line of the doubly phosphorylated peptides can be written as eq 2, in which a and b indicate the slope and intercept, respectively, of the linear functions.
T S a H b
All data points for both the mono-and the ditopic peptides can thus be fitted with only three parameters, a (which is the slope that now fits both the singly and the doubly phosphorylated peptides together), b, and the overall effective molarity EM ov . This provides a more strict and more informative model than fitting the mono-and ditopic series independently (requiring four parameters). With this model, for the CFTR peptides, a slope (a) of 1.09 was obtained, which is in excellent agreement with the values of the slopes of the separately fitted sets as described above. A triply phosphorylated peptide and full R-domain (vide infra) were left out of the calculations, but plotted afterward in the graphs as red ▲. Notably, the data for these two molecules fit nicely on the trend line of the doubly phosphorylated peptides, which is attributed to two binding sites that can bind in the grooves of a 14-3-3 dimer, while higher binding valencies are considered physically impossible. The enthalpy−entropy correlation of the LRRK2 peptides contains more noise, but the same theory can 
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Article be applied. The LRRK2_pS910pS935 was left out of the calculations but plotted afterward in the graph with a red ▲. This peptide, however, seems to fit on the enthalpy−entropy correlation line of the doubly phosphorylated LRRK2 peptides as well. This clear correlation between the enthalpy and entropy can possibly be explained by the number of amino acid residues participating in the binding to 14-3-3: more amino acid residues binding in the groove will be favorable for the enthalpy, but the conformational restrictions the peptide has to make to bind will be unfavorable entropically.
Enthalpy−entropy correlations are often linear. 46, 47 This effect is also called enthalpy−entropy compensation, because a positive slope observed for a series of structurally similar complexes indicates that a tighter binding, visible by a stronger exothermic enthalpy, is associated with a more unfavorable binding entropy, resulting in a reduced effect on the binding free energy. The slope of the enthalpy−entropy graph is therefore a sign of how strong a change in enthalpy is translated into a change of the entropy. A clear difference is here observed in the slope of the trend lines for CFTR and LRRK2. It is interesting to note that the slope for the CFTR system is close to 1, which means that any change in binding enthalpy is fully compensated by a change in entropy. This results in an approximately zero change in the binding free energy, thus explaining the observed very similar K d values found for this system (Table S3) . In more detail, the slope is slightly higher than 1 (i.e., 1.09), which indicates that the strongest binders are actually entropy-driven, and that ligands with a more favorable binding enthalpy bind (slightly) less strongly. In contrast, the compensation effect is much smaller for LRRK2, with a slope of below 1 (0.59), which indicates that (i) the spread in K d values (Table S4 ) is a lot larger than for CFTR, and (ii) the strongest binders are the ligands with the most favorable binding enthalpies.
The three-parameter fit, using a, b, and EM ov as shown in eqs 1 and 2, of the TΔS versus ΔH graphs for CFTR and LRRK2 yields the overall effective molarities EM ov , basically resulting from the difference in intercept of the mono-versus divalent peptides. These EM ov values are based on the rough approximation that the EMs are equal for all divalent peptides. For the CFTR system, the calculated EM ov was 5.5 mM, while for LRRK2 a value of 10.2 mM was obtained. The good agreement between these values corresponds with the structural similarity of the two 14-3-3 proteins used in this research. On the basis of the model depicted in Figure 2 , the individual EM values of the doubly phosphorylated peptides can be calculated as well, from their K d values and the K d values of the singly phosphorylated peptides (Table 1) , using the FP binding data. With an exception of peptide LRRK2_pS910pS935, the calculated EM values are all between 1 and 26 mM (Table 2) . These values agree well with the overall EM ov values obtained from the enthalpy− entropy plots. To correlate these values to structure, an effective concentration of 1−26 mM can be converted to a distance between unbound host site and the free guest site of a sphere of 24.8 Å (26 mM) to 73.5 Å (1 mM), 45 which agrees with the theoretical molecular distances in 14-3-3 crystallography (see Figure S13 ).
The effect of the "linker length" on the EM was investigated by plotting the calculated individual EM values as a function of the number of amino acids between the two phosphorylated serine residues in the peptides ( Figure S14 ). No significant trend was found between these two parameters. However, because 14-3-3 crystal structures show that the number of amino acid residues participating in the interaction with the 14-3-3 binding groove is different for each binding site, 38, 39 it is therefore difficult to say how long the actual flexible element of the linker is and which amino acid residues are part of the "binding site". Table 2 and Figure S14 show that the EM of LRRK2_pS910pS935 is significantly higher (110 mM) than that of the other peptides. Additionally, the binding enthalpy for this ditopic peptide was higher than expected on the basis of the sum of the binding enthalpies of the singly phosphorylated peptides (Table 1) . Both facts can be explained by analysis of the crystal structure of the complex of this doubly phosphorylated peptide with 14-3-3 ( Figure  4A ). The "pS910 site" of the bivalent peptide forms an α helix in the binding groove of 14-3-3. By this exceptionally compact packing, more amino acid residues (Y917 and R918) are visible in the electron density than seen in other 14-3-3 crystal structures (for example, the pS768 site of CFTR in Figure 4B ), the binding of which clearly provides a contribution to the interaction. These amino acid residues are theoretically part of the "linker" between the two binding sites and were therefore not included in the design of the singly phosphorylated peptide LRRK2_pS910. As a result, the "linker" between the pS910 and pS935 binding sites actually plays an important role in the binding leading to a higher EM and a higher binding enthalpy. Additionally, these data show that the glycine/serine linkers used to bridge large distances between the binding sites in the LRRK2 peptides (pS860pS910, pS910pS1444, and pS935pS1444) all show low EMs, hinting that they have minimal interaction with the 14-3-3 protein.
Analysis of the sequences of all of the peptides (Tables S1  and S2 ) revealed no correlation between the isoelectric point, charge, or hydrophilicity/hydrophobicity of the peptides, and the enthalpy/entropy values. Peptides containing proline residue(s), however, show both higher binding enthalpies and higher entropy penalties by binding to 14-3-3 than the peptides that do not contain any proline residues. This is especially clear when looking at the singly phosphorylated peptides of both the CFTR and the LRRK2 protein ( Figure 5) . A possible explanation is that the presence of a proline residue in the peptide enhances the steric fit into the binding groove of Journal of the American Chemical Society Article 14-3-3, causing a higher binding enthalpy via a stronger conformational fixation. The last observation that stands out is that of all singly phosphorylated peptides of the CFTR protein pS768 is clearly the strongest binder, but has the lowest binding enthalpy for binding to 14-3-3 as well as a positive binding entropy (Table  1) , which are caused by the >1 slope of the enthalpy−entropy compensation plot as explained above. This could be accompanied by secondary structure formation of the peptide in solution, which is lost upon binding to 14-3-3. Also, LRRK2_pS910 and LRRK2_pS973 have positive entropy values. These three peptides have in common that one side of the phosphorylated serine residue is strongly hydrophilic, and the other side hydrophobic, which could cause secondary structure formation in solution. This may imply that some disordered protein systems can contain some degree of secondary structure in the unbound form, the loss of which can result in entropy-enhanced binding of an involved binding site. 48 Three or More 14-3-3 Binding Sites. Next to the singly and doubly phosphorylated peptides, also a trivalent CFTR peptide containing three neighboring phosphorylated serine residues was synthesized and its binding to 14-3-3β analyzed (CFTR_pS753pS768pS795, Tables S1 and S3). The K d value of this peptide is slightly lower than that of the strongest binder of the doubly phosphorylated peptides (7.8 μM vs 13 μM of CFTR_pS768pS795). Moreover, the enthalpy and entropy values (−12.3 and −5.2 kcal/mol) nicely fit on the trend line of Figure 3A , confirming ditopic binding with a very similar EM. The enthalpy change of the triply phosphorylated peptide (−12.3 kcal/mol) does not fit with the sum of any two of the three singly phosphorylated peptides (−8.67, −2.29, and −12.5 kcal/mol, for pS753, pS768, and pS795, respectively).
When considering that the triply phosphorylated peptide may form ditopic complexes from a combination of pS753 and pS768 bound to 14-3-3 (ΔH = −11.0 kcal/mol), and pS768 and pS795 bound to 14-3-3 (ΔH = −14.8 kcal/mol), it is clear that the observed enthalpy change is between that of these two ditopic peptide motifs.
The possible equilibria for the binding of a trivalent phosphorylated construct to the bivalent 14-3-3 host are described in the model displayed in Figure S4A . pS768 is the logical pivot in the interaction, because (i) the individual interaction of this site is the strongest as compared to pS753 and pS795, and (ii) the site is located in between the other two, and therefore the EM values of the two ditopic interactions involving pS768 can be assumed to be higher than that of the joint binding of pS753 and pS795 (although the discussion above has indicated that the distance dependence is probably limited). The overall affinity can be written as the sum of the ditopic affinities, as shown in Figure S4B . When converting this back to the K d value, the calculated K d value (9.2 μM), resulting from the summation of the interactions for CFTR_pS753pS768 and CFTR_pS768pS795, is in good agreement with the experimental value (7.8 μM). Moreover, the ratio between the contributing ditopic affinities is also the ratio in which the ditopic motifs are expected to occur in the tripeptide, that is, approximately 70% of pS768pS795 and 30% of pS753pS768. When taking these values to calculate the weighted average of the ditopic enthalpy contributions, a calculated ΔH of −13.7 kcal/mol is found, which is, as expected, between the values of the ditopic peptides, and is in reasonable agreement with (although slightly more exothermic than) the experimental value for the triply phosphorylated peptide. When one would only take the enthalpy values to estimate the contributions of pS768pS795 and pS753pS768, one arrives at a 35:65 ratio, but the error in the enthalpy values is too large to make a very accurate assessment. When attempting to also incorporate a potential minor contribution of pS753pS795, several assumptions need to be made. A K d value of 0.37 mM for pS753pS795 binding to 14-3-3 is obtained by using the values obtained by FP (Table S3) 
Article while without assuming any contribution from this motif it is already more exothermic than experimentally observed. Therefore, it can be concluded that the ditopic motif pS753pS795 is not contributing significantly to the binding of the tritopic CFTR_pS753pS768pS795, in agreement with the initial assumption described above. Overall, it can concluded that both the affinity values and the binding enthalpies indicate the presence of sizable contributions of both ditopic motifs pS753pS768 and pS768pS795 to the binding of the tripeptide, but none of the motif (pS753pS795) that does not involve pS768. Overall, both the enthalpies and the free energies indicate involvement of both neighboring ditopic motifs in the binding around a pivot (here, pS768). This behavior may be a general rule in multitopic disordered proteins to boost affinity and to increase binding selectivity for a particular site.
The fully phosphorylated CFTR R-domain, featuring up to nine phosphorylated binding sites, was obtained via coexpression with PKA kinase. The interaction between this protein domain and 14-3-3β was measured with both microscale thermophoresis (MST) and ITC (see Table S3 ). The apparent K d value estimated from ITC (42 μM) is slightly weaker than that of the strongest dimers. While one would maybe at first glance expect the full R-domain to bind stronger, the value is most likely within experimental error, identical to what can be expected from a summation of all possible ditopic motifs. Furthermore, a not fully complete degree of phosphorylation as visible in Figure S15 , which would limit certain ditopic motifs in fractions of the R-domain molecular population, should be taken into account. The K d value determined by MST (3.8 μM) is lower, and agrees fairly well with the values obtained by FP for the di-and triphosphorylated constructs. The binding enthalpy of the full R-domain to 14-3-3β is more exothermic (−16.4 kcal/mol) than that of the strongest binding doubly phosphorylated peptide CFTR_pS768pS795 (−14.8 kcal/mol) or the triply phosphorylated peptide CFTR_pS753pS768pS795 (−12.3 kcal/ mol). There is one ditopic motif (CFTR_pS795pS813) for which an even more exothermic value was observed (−20.0 kcal/mol), so the strongly exothermic value for the R-domain may imply a contribution of this motif. Yet, the list of enthalpy values of possible ditopic motifs (Table S3) is incomplete, so contributions of other motifs can at this stage not be excluded. On the basis of the dimeric K d values, pS795pS813 is not expected to contribute more than 6%, while a contribution of more than 40% would be needed to explain the more exothermic enthalpy observed for the R-domain. Therefore, most likely, the strong dimeric binders pS753pS768 and pS768pS795 still play an important role in the binding of the R-domain, but minor contributions of other ditopic motifs are probably present as well.
Binding Simulations of the Entire Protein Domains. The K d values and EMs of the different binding sites in the proteins can be used to simulate the binding modes (i.e., which site interacts to what fraction, and in which species) of the whole R-domain of CFTR or the LRRK2 protein to one 14-3-3 dimer. To do so, it is assumed that all binding sites in the proteins are phosphorylated, and every combination of binding sites is able to bind to 14-3-3. Additionally, the assumption is made that the 14-3-3 concentration is much higher than the concentration of CFTR or LRRK2. It is well-known that 14-3-3 proteins are very abundant in the human cell (up to 1−2% of the total amount of soluble protein, dependent on cell type), 49 and are thus most probably present in higher much concentrations than CFTR and LRRK2. In this simulation, there are 45 different (9 monovalent and 36 divalent) modes for the phosphorylated CFTR R-domain to bind to one 14-3-3 dimer. The K d values of all of the phosphorylated binding sites have been measured (Table S3) , and the EMs of the neighboring binding sites were calculated on the basis of the K d values of the doubly phosphorylated peptides and singly phosphorylated peptides (Table 2) . Because the EM values of the non-neighboring binding sites are unknown, different scenarios for the complete set of EM values are considered.
In the first scenario, the values of the EMs of the divalent motifs are taken as measured, and the assumption is made that the remaining EMs are weakly (r −3/2 ) distance dependent, taking EM = 10 mM when 20 connecting amino acid residues are present between the phosphorylated serine residues, and EM = 10 × (N aa /20) −3/2 (in mM), where N aa is the number of amino acid residues between the phosphorylated serine residues. The resulting distribution between the 45 different possible binding complexes in this situation is displayed in Figure 6A . The results show that the R-domain will start binding to 14-3-3 at a 14-3-3 dimer concentration of around 100 nM, and most of the R-domain will be bound to 14-3-3 at a concentration higher than 2.5 μM, which is close to the K d value of the strongest doubly phosphorylated binder (2.9 μM). Even though 45 possible complexes can be formed in the simulation, some species clearly stand out as major 
Article contributors ( Figure 6 ). The major fraction of the R-domain (43.2%) binds to 14-3-3 by the combination of the pS768 and pS795 binding sites ( Figure 6B ). Subsequently, the pS737/ pS768 and the pS753/pS768 combinations represent 10.8% and 10.2% of the R-domain binding to 14-3-3, respectively. Other minor contributors are the pS768/pS813 and pS712/ pS768 combinations (4.8% and 3.8%), and all others are <3%. As expected, a total sum of 77.3% of the R-domain binds, in this scenario, in a way that pS768 is involved. The largest fraction in which pS768 is not involved is the pS795/pS813 combination, representing only 3.2% of complex formed.
Alternatively, when the EM values of all non-neighboring binding sites are kept at a constant value of 5 mM (equal to EM ov ), as inspired by the observed absence of a clear relationship between the EM values as discussed above, the binding between the CFTR R-domain and the 14-3-3 dimer is still dominated by the pS768/pS795 combination, albeit to a somewhat lesser extent (29.6%). As a result, more species are contributing to the overall speciation. The next most abundant combinations are then pS737/pS768, pS753/pS768, pS670/ pS768, pS712/pS768, and pS768/pS813 (with 7.1%, 7.0%, 6.7%, 6.1%, and 5.6%, respectively). Also, in this scenario, the pS768 site is the most important binder, and pS768/pS795 remains the most strongly expressed divalent motif.
In a third scenario, only neighboring sites are taken into account; that is, the EM values of all other combinations are set to zero. In this case, the binding is dominated, even more than in the scenario shown in Figure 6 , by the pS768/pS795 combination (65.1%). The only other species in this scenario that score >3% are pS753/pS768 (15.3%) and pS795/pS813 (4.8%), whereas over 82% of the species contain pS768. Overall, therefore, it can be concluded that, regardless of the scenario for the EM values, the binding of the R-domain is strongly dominated by pS768, and primarily by the pS768/ pS795 ditopic motif.
For the hexa-phosphorylated LRRK2 protein, there are fewer ways possible to bind to 14-3-3 (6 monotopic and 15 ditopic ways). That the more distant location of the pS1444 site is located in a totally different protein domain makes for an intriguing case to more closely evaluate the effect of the EM value for combinations including this binding site. When the EMs of the LRRK2 protein are assigned in a weakly (r −3/2 ) distance-dependent manner, the simulation results in binding combinations as depicted in Figure 7A . In this scenario, the binding of the LRRK2 protein to 14-3-3 starts at a significantly lower concentration (10 pM) than that of the CFTR protein, and most of the LRRK2 protein will be bound to 14-3-3 at a concentration of 0.69 nM, which is close to the K d value of the strongest doubly phosphorylated binder (0.28 nM). The explicit major fraction of the LRRK2 protein (78.5%) binds with the combination of pS910 and pS935 to 14-3-3 ( Figure 7 , scenario A). Additionally, minor fractions of pS935/pS1444 and pS910/pS1444 are binding to 14-3-3 (5.2% and 4.6%, respectively). Figure 7B visualizes a similar scenario, with a correction for the high EM value of LRRK2_pS910pS935 based on peptide binding data published by Muda et al. (K d, pS910 = 661 nM and EM pS910pS935 = 7.6 mM; see the Supporting Information for details). 50 This scenario shows again that the major fraction of the LRRK2 protein (53.0%) binds with the combination of pS910 and pS935 to 14-3-3; however, the fraction of the pS910/pS1444 combination increased significantly to 40.3%, while the pS935/pS1444 combination decreased slightly to 3.1%.
In contrast to the CFTR case, setting the EM of all of the non-neighboring binding sites in LRRK2 to the EM ov of LRRK2 of 10 mM, the simulation outcome is completely different. The major fraction of the LRRK2 protein is then bound by the pS935/pS1444 and pS910/pS1444 binding site combinations to 14-3-3 (45.7% and 43.2%, respectively), and only a minor fraction by pS910/pS935 (6.0%). When the alternative parameters K d,pS910 and EM pS910pS935 are used for the calculations, the major fraction is pS910/pS1444 (91.6%), followed by pS935/pS1444 (6.6%), and the pS910/pS935 
Article combination represents only 0.9%. Even though an EM of 10 mM for the pS1444-based ditopic motifs is probably too high, the example shows the strong influence of only one of many phosphorylation sites on the overall binding event and stimulates considering the high impact of the protein folding characteristics on distances, EMs, and binding affinities of such multivalent PPIs.
In the opposite situation that pS1444 is physically not able to bind to 14-3-3 in combination with any of the other binding sites due to conformational restrictions, both scenarios have major fractions of the pS910/pS935 combination present (97.6% and 94.2%), confirming that pS1444 is the only site that has a significant influence apart from the pS910/pS935 motif. Interestingly, when the simulation in this case is expanded toward the possibility of two 14-3-3 dimers binding to one LRRK2 protein, the fraction pS910/pS935 is still dominant, but when the concentration 14-3-3 increases above a concentration of 1 nM a second 14-3-3 protein starts binding (monotopically) at the pS1444 site (Figure 8 ). Subsequently, most of the LRRK2 protein will be bound to two 14-3-3γ dimers at a 14-3-3 dimer concentration of 125 nM, which is close to the K d value of the singly phosphorylated pS1444 peptide (110 nM).
Implications of the Multivalent Model for Protein Point Mutations and Molecular Modulation. The thermodynamic models and resulting simulations can be used to provide information on the importance of individual binding sites in multivalent PPIs, as shown above. Similarly, the multivalent model can be used to predict the effects on the PPI when individual binding sites are being modulated. Both scenarios in which the binding site is being weakened or removed, for example, via a small-molecule inhibitor, a point mutation, or an enzymatic dephosphorylation, can be considered as well as scenarios in which individual binding sites are strengthened, for example, via a small-molecule stabilizer or a stabilizing mutation in a flanking amino acid.
For the case of binding site removal, it is interesting to consider the CFTR pS768 acting as a pivot in the PPI interaction. When the pS768 is removed from the CFTR simulation as described in Figure 6 , the overall 14-3-3 binding is taken over by many different combinations of binding sites, the most dominant being pS795/pS813 (14.0%), pS670/ pS700 (8.5%), pS670/pS712 (8.4%), pS660/pS700 (5.5%), and pS737pS795 (5.3%). Where the pS795/pS813 combination is already the most prominent binding combination without pS768, in the regular case, in the absence of pS768 it becomes the most prominent interaction overall. The absence of a very prominent pivot interaction leads to a broader set of interaction bis phosphorylated motives to the overall complex formation. Interestingly, the deletion of the pS768 interaction leads only to a decrease in binding affinity of the full R-domain for 14-3-3β from 2.5 to 11 μM. The single removal of any of the other binding sites leads to an even smaller decrease in binding affinity between 2.7 μM (for pS660) and 5.1 μM (for pS795). The simulations thus make clear that a point mutation or dephosphorylation of one of the binding sites does not cause a large effect on the ability of the multivalent protein to bind to the bivalent 14-3-3 platform. The deletion of one binding site is thus for a major part rescued by combinations of the other binding sites. These observations also argue for a role of the multiphosphorylation of the R domain in generating ultrasensitive responses in binding to the 14-3-3 protein. 
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We also simulated the effect of small-molecule PPI modulation of each individual binding site on the overall affinity between the two proteins (Figures 9 and 10) . We systematically changed the K d of each individual binding with a factor σ, ranging between 0.001 and 1000. When σ is <1, the interaction is inhibited; when σ is >1, the affinity is increased. Figure 9 depicts progression of the global half maximal effective concentration (EC 50 ) of 14-3-3 to either CFTR or LRRK2 upon a local change in affinity for each binding site. For CFTR, a decrease in affinity of pS768 and pS795 causes a drop in global affinity, in line with the results and values described above. The weaker effect of inhibition of the other sites on the overall EC 50 also becomes clear from these figures. For LRRK2, the effects of inhibition of either pS910 or pS935 are most prominent, while changes of other sites have almost no effect on the overall EC 50 . The inhibition of either of these two sites leads to a more pronounced weakening in PPI formation as compared to individual site mutations in CFTR. These observations are in line with the experiments described in Figure 7A , which revealed the pS910 or pS935 combination alone to contribute to 88% of the total complex with 14-3-3. In contrast to CFTR, which features one pivot in the complex formation, for LRRK2 two sites are equally important.
For small-molecule stabilization of such multivalent PPIs, it is equally important to delineate the effects of individual site stabilization on the overall affinity of the PPI. The simulations for both CFTR and LRRK2 show that the increase of the affinity of the dominating sites has the most potent effect on the overall PPI stabilization ( Figure 9 ). Stabilization of the other, weaker binding, sites can also affect the affinity of the PPI complex, to a much stronger degree than their inhibition. Nevertheless, for these weaker binding sites, a larger σ is required to result in a noticeable stabilization of the complex: these sites first have to become dominating before there is a global effect on the EC 50 . Drug discovery endeavors aiming for the discovery of small-molecule stabilizers of such multivalent PPIs would thus probably best consider targeting one of the already strongly binding interaction sites, as small changes in their affinities quickly lead to relevant changes in the EC 50 of the PPI. This is especially prominent for the LRRK2 case featuring the two key interaction motives pS910 and pS935. For CFTR the differences between the individual sites are less pronounced, potentially providing also room for the stabilization of other interaction sites beyond pS768.
The conceptual differences in term of importance and overall effect between the inhibition and stabilization of binding sites are illustrated for three different binding site of CFTR in Figure 10 . Here, the contributions of each site to the overall EC 50 of the PPI and the fraction of that site bound to 14-3-3 are shown. The results clearly show that inhibition of each site has overall very little effect on the EC 50 of PPI. Even for the case of pS768, where the fraction of this site contributing to complex formation strongly diminishes upon lowering the σ 100-fold, the EC 50 only lowers less than 5-fold. Stabilization of individual sites, on the other hand, results in much more pronounced effects on the overall EC 50 . Already the 100-fold strengthening of the pS700 site, not strongly contributing under normal conditions, leads to this site being the major species involved in complex formation and a 5-fold enhancement of the EC 50 . A similar stabilization of the pivot pS768 site enhances the EC 50 even 75-fold. These results thus bring forward that for multivalent PPIs the stabilization of individual interaction sites is significantly more effective than inhibition, bringing forward clear potential for the development of small-molecule stabilizers in PPI drug discovery.
■ CONCLUSIONS
In this Article, we have brought forward a thermodynamic model, based on a ditopic host−guest system, describing multivalent PPIs and featuring the EM as the prime model parameter governing the intramolecular binding step in the divalent interactions. Fitting of binding data of two exemplary model systems, the interaction of the bivalent 14-3-3 protein scaffold with both the nonavalent CFTR and the hexavalent LRRK2 protein, with the model allowed one to determine the underlying thermodynamics, revealing a strong enthalpy− entropy correlation in both systems. The thermodynamic model also allows one to explore the effect of different scenarios of EM distributions. This is especially relevant when considering, for example, that the individual binding sites of Figure 10 . Simulation of the species distribution of the fully phosphorylated CFTR R-domain binding to 14-3-3β at different σ values (0.01, 0.1, 1, 10, and 100) for pS700, pS753, and pS768. The pie charts show the fraction of the R-domain that is bound to 14-3-3 including the particular binding site (green) versus the fraction that binds not using this site (white). The EC 50 values are representing the binding of the R-domain to 14-3-3.
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Article LRRK2 are located within two ordered domains, and that the disordered domain of CFTR, on which the phosphorylated binding sites are located, is located close to the plasma membrane and connected to two more rigid particles. All of these factors will put restrictions on the possible conformations of the domains, and therefore the possible combinations of sites binding to 14-3-3 and overall affinity of the complexes and their regulation.
The binding enthalpy−entropy correlation of the CFTR peptides binding to 14-3-3β showed that a change in binding enthalpy is compensated by a change in entropy, which resulted in very similar K d values of the different peptides. Even though for the CFTR interaction with 14-3-3, the pS768 acts as a pivot, simulations of the binding of the full CFTR Rdomain revealed that the removal of this or any other single binding site leads to only small effects on the overall binding affinity. In the cell, this thermodynamic principle could act as a mechanism protecting the CFTR protein from losing its ability to bind to 14-3-3 due to point mutations or dephosphorylation of a certain binding site.
The binding enthalpy−entropy compensation effect for LRRK2 is much smaller, as compared to CFTR, and concomitantly there is a larger difference in K d values of the individual binding sites for 14-3-3. As a result, the two binding sites pS910 and pS935 dominate the complex formation of LRRK2 with 14-3-3. Still, the distantly located pS1444 site, depending on the EM, could also play a crucial role in the complex formation. Depending on the folding of the full protein, to be resolved with structural studies, the pS1444 site could be in close proximity to the other sites and significantly contribute to the PPI formation.
The thermodynamic model was finally used to analyze and predict the effects of the modulation of individual sites on the strength of the multivalent PPIs. The results clearly bring forward that for these multivalent PPIs there is a conceptual difference between the inhibition and stabilization of individual binding sites, in terms of both importance and resulting overall effect. The stabilization of the most prominent individual interaction sites is significantly more effective in eliciting a relevant change in the overall binding affinity of the PPI, than the inhibition of a single interaction site.
The conceptual thermodynamic binding model described provides a long desired general framework for describing multivalent PPIs. The model allows for in-depth understanding of the underlying parameters of such complex PPIs and simultaneously has strong value for guiding the development of small-molecule modulators in PPI drug discovery. Particularly the small-molecule stabilization of PPIs can be strongly steered via this model as an entry for drug discovery for multivalent PPIs. We envision that, with appropriate adjustments, the thermodynamic analysis and resulting implications as described here can be translated to many other multivalent PPI systems and help in achieving their highly needed fundamental understanding and to address the underlying molecular challenges in pathologies and drug development.
■ EXPERIMENTAL SECTION
Peptide Synthesis. The phosphorylated peptides were synthesized via Fmoc solid-phase peptide synthesis making use of an Intavis MultiPep RSi peptide synthesizer. 51−53 The singly phosphorylated peptides were synthesized on Rink amide resin (Novabiochem; 0.59 mmol/g loading) and the doubly and triply phosphorylated peptides on TentaGel R RAM resin (Rapp Polymere; 0.18 mmol/g). To increase the peptide synthesis yield of the longer doubly and triply phosphorylated peptides, pseudoproline dipeptide residues (FmocGln(Trt)-Ser(psiMe,Mepro)-OH, Fmoc-Ile-Ser(psiMe,Mepro)-OH, Fmoc-Asp(OtBu)-Ser(psiMe,Mepro)-OH, Fmoc-Leu-Ser-(psiMe,Mepro)-OH, and Fmoc-Ala-Ser(psiMe,Mepro)-OH, Novabiochem) were incorporated. The peptides used for ITC and crystallization were N-terminally acetylated before deprotection and cleavage of the resin. The peptides used in the FP assays were labeled via an Fmoc-O1Pen-OH linker (Iris Biotech GmbH) with FITC (Sigma-Aldrich).
The peptides were purified using a preparative LC−MS system that was comprised of a LCQ Deca XP Max (Thermo Finnigan) ion-trap mass spectrometer equipped with a Surveyor autosampler and Surveyor photodiode detector array (PDA) detector (Thermo Finnigan). Solvents were pumped using a high-pressure gradient system using two LC-8A pumps (Shimadzu) for the preparative system and two LC-20AD pumps (Shimadzu) for the analytical system. The crude mixture was purified on a reverse-phase C18 column (Atlantis T3 prep OBD, 5 μm, 150 × 19 mm, Waters) using a flow of 20 mL min −1 and linear acetonitrile gradient in water with 0.1% v/v trifluoracetic acid (TFA). Fractions with the correct mass were collected using a PrepFC fraction collector (Gilson Inc.). The purity and exact mass of the synthesized peptides were determined using analytical LC−MS. The mass off all peptides corresponded with the calculated mass, with a purity >90%.
Expression of 14-3-3. His 6 -tagged 14-3-3 proteins were expressed in NiCo21(DE3) competent cells with a pPROEX HTb plasmid (0.4 mM IPTG, overnight at 18°C), and purified using Ni 2+ -affinity chromatography. The proteins were dialyzed against FP or ITC buffer before usage (recipes described below). The 14-3-3 proteins for MST were treated with TEV-protease to cleave off the His 6 -tag, followed by a second Ni 2+ -affinity column and size exclusion chromatography.
Fluorescence Polarization Assay. The FITC-labeled peptides were dissolved in FP buffer (10 mM HEPES pH7.4, 150 mM NaCl, 0.1% Tween20, 1 mg/mL BSA) to a final concentration of 100 nM (CFTR peptides and singly phosphorylated LRRK2 peptides), 5 nM ( L R R K 2 _ p S 8 6 0 p S 9 1 0 , L R R K 2 _ p S 9 3 5 p S 9 5 5 , a n d LRRK2_pS955pS973), or 0.5 nM (LRRK2_pS910pS935, LRRK2_pS910pS1444, and LRRK2_pS935pS144). In these solutions, a 2-fold dilution series of 14-3-3 were made in Corning Black round bottom 384-well plates or Grainer Black flat bottom 96-well plates (for LRRK2_pS910pS935, LRRK2_pS910pS1444, and LRRK2_pS935pS144), and their polarization was measured with a Tecan Infinite F500 plate reader (ex. = 485 nm, em. = 535 nm). Shown in Figures S6, S7 , S9, and S10 are the mean of three experiments.
Isothermal Titration Calorimetry. The ITC measurements were performed with the Malvern MicroCal iTC 200 . The protein and peptides were dissolved in ITC-buffer (25 mM HEPES pH 7.4, 100 mM NaCl, 10 mM MgCl 2 , 0.5 mM TCEP). One or two times 18 titrations of 2 μL were performed at 37°C (reference power, 5 μCal/ s; initial delay, 60 s; stirring speed, 750 rpm; spacing, 180 s). In case of two titration series, the data were merged with ConCat32 software. Data are shown in Figures S8, S11 , and S12.
Expression of CFTR R-Domain. N-terminally His 6 -SUMOtagged CFTR R-domain was coexpressed with SUMO-tagged PKA from pCDF-duet plasmids in NiCo21(DE3) competent cells (0.2 mM IPTG, overnight at 18°C), and purified using Ni 2+ -affinity chromatography. For ITC, the His 6 -SUMO tag was removed using dtUD1 protease and a second Ni 2+ -affinity chromatography purification step. The proteins were dialyzed against ITC buffer before use.
Qtof-MS Analysis. Purity and exact mass of the CFTR R-domain were determined using a high-resolution LC−MS system consisting of a Waters ACQUITY UPLC I-Class system coupled to a Xevo G2 Quadrupole Time of Flight (Q-ToF). The system was comprised of a Binary Solvent Manager and a Sample Manager with Fixed-Loop (SM-FL). The protein was separated (0.3 mL min ) on a column (Polaris C18A reverse phase column 2.0 × 100 mm, Agilent) using a
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Article 15−75% acetonitrile gradient in water supplemented with 0.1% v/v formic acid before analysis in positive mode in the mass spectrometer. Deconvolution of the m/z spectra was done using the MaxENT1 algorithm in the Masslynx v4.1 (SCN862) software.
Microscale Thermophoresis. The His 6 -SUMO-tagged CFTR Rdomain was labeled with the Monolith NT His-Tag RED-tris-NTA labeling Kit, following the included protocol. A two-times dilution series of 14-3-3β was made in the presence of 50 nM labeled CFTR R-domain, which was measured in standard treated capillaries (MO-Z002) with the Monolith NT.115 of NanoTemper (LED power, 40%; MST power, 40%; red LED, rt). The temperature jump was used for analysis.
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